8 In the mammary gland, vimentin intermediate filaments are expressed in stromal cells and 9 in basal epithelial cell populations including gland-reconstituting mammary stem cells 10 (MaSC), with largely undefined functions. Here, we studied how vimentin deficiency affects 11 mouse mammary gland development. Our results demonstrate that in adult vimentin 12 knockout mice (Vim-/-) mammary ductal outgrowth is delayed. The adult Vim-/-glands are 13 characterised by dilated ducts, an imbalance in the proportion of basal to luminal mammary 14 epithelial cells and a reduction in cells expressing Slug (Snai2), an established MaSC 15 regulator. All of these features are indicative of reduced progenitor cell activity. Accordingly, 16 isolated Vim-/-mammary epithelial cells display reduced capacity to form mammospheres, 17 and altered organoid structure, compared to wt counterparts, when plated in a 3D matrix in 18 vitro. Importantly, altered basal epithelial cell number translates into defects in Vim-/-19 mammary gland regeneration in vivo in cleared fat pad transplantation studies. 20 Furthermore, we show that vimentin contributes to stem-like cell properties in triple 21 negative MDA-MB-231 breast cancer cells, wherein vimentin depletion reduces 22 tumorsphere formation and alters expression of breast cancer stem cell-associated surface 23 markers. Together, our findings identify vimentin as a positive regulator of stemness in the 24 developing mouse mammary gland and in breast cancer cells.
Introduction 28
The mammary gland is a highly dynamic organ that develops through branching 29 morphogenesis in puberty, evolves during the menstrual cycle, and undergoes terminal 30 differentiation/dedifferentiation during pregnancy, lactation and involution. Increasing 31 evidence suggests that the mammary epithelium in both humans and mice comprises a 32 hierarchy of cells, spanning from bipotent mammary gland stem cells (MaSCs) to 33 differentiated luminal and basal epithelial cells (Rios et al, 2014 , Van Keymeulen et al, 2011 Visvader & Stingl, 2014). The MaSCs and the basal and luminal progenitor cells are 35 considered particularly important for ductal elongation during pubertal growth and for 36 lobulo-alveolar expansion during pregnancy (Tiede & Kang, 2011) . Several marker proteins 37 have been indicated for stem and progenitor cells in the mammary epithelium (Visvader & 38 Stingl, 2014). The current view suggests that the transcription factors Sox9 and Slug (Snai2) 39 (Guo et al, 2012) , several integrin adhesion receptors (Rangel et al, 2016, Taddei et al, 40 2008), and molecules involved in Notch and Wnt signalling pathways (Bouras et al, 2008, 41 Zeng & Nusse, 2010) are expressed in the MaSCs and committed progenitor cells that 42 localize to the basal mammary epithelial niche (Shackleton et al, 2006) . 43 Vimentin is a cytoskeletal type III intermediate filament protein widely used as a marker for 44 mesenchymal cells (Coulombe & Wong, 2004) . Despite the widespread expression of 45 vimentin, the phenotype of vimentin knockout mice (Vim tm1Cba , here after called Vim-/-) is 46 mild (Colucci-Guyon et al, 1994) . Nevertheless, defects in motor coordination impaired mammary ductal outgrowth in adult virgin Vim-/-mice ( Fig. 2B-E) . The stunted 88 growth of the mammary ductal network, clearly visible in 10-week-old female Vim-/-mice 89 (Fig. 2B,D) , was no longer apparent in older animals by 15 weeks of age ( Fig. 2C,E) . Thus, 90 these data demonstrate that mammary ductal outgrowth is significantly delayed but not 91 terminally impaired in the absence of vimentin. 92 Establishment of correct polarity is critical for normal mammary gland development and is 93 regulated by the co-ordinated actions of adhesion receptors and the cell cytoskeleton. Given 94 that vimentin interacts with integrins and regulates focal adhesion turnover (Kim et al, 2016, 95 Kreis et al, 2005 , Liu et al, 2015 , we wanted to investigate whether the lagging mammary 96 gland outgrowth is linked to perturbed organization of the mammary bilayer in the Vim-/-97 mice. Although normal mammary epithelial polarisation was observed in adult Vim-/-98 mammary ducts based on the distribution of established markers: keratin-8 (Krt8; luminal) 99 and keratin-14 (Krt14; basal) ( Fig. 2F ), the lumens of these ducts appeared to be larger 100 compared to those of age-matched 15-week-old wt mice ( Fig. 2G-H) . For comparable 101 quantification, the measurements were restricted to the relative area of the lumen in 102 perpendicular cross sections of the smaller ducts at corresponding areas (Fig. 2H ).The 103 enlarged lumen in Vim-/-mouse mammary ducts resembles a benign breast condition called 104 ductal ectasia, the dilation of mammary ducts (Rahal et al, 2011) that in humans and mice is Slug-positive basal cells ( Fig. 2J ), the amount of these cells was significantly reduced (Fig. 119 2K). These data suggest that vimentin could regulate the basal MaSC/progenitor cell 120 population in the mouse mammary gland.
121
Vimentin deficiency leads to reduced proportion of basal mammary epithelial cells 122 To evaluate the basal to luminal MMEC ratio, we isolated MMECs from 15-week-old wt and 123 Vim-/-mice, and surface labelled single cell suspensions to detect CD24 expression in 124 combination with CD29 (integrin beta 1) or CD49f (integrin alpha 6). From lineage negative 125 cells (CD31 neg CD45 neg ), the proportion of basal (CD24 int CD29 + , CD24 int CD49f + ) and luminal 126 (CD24 hi CD29 neg , CD24 hi CD49f neg ) MMECs was then quantified by flow cytometry (Fig. 3A-B ) 127 (Taddei et al, 2008) . Vimentin deficiency led to significantly (p<0.05) or almost significantly 128 (p=0.05) reduced proportion of bMMECs with both the employed labelling strategies (Fig. 129 3A-B) as well as with an alternative basal/mature luminal epithelial labelling against CD61 130 (integrin beta3) in combination with CD29 and CD49f ( Fig. S1A-B ), suggesting that the MMECs cultured in laminin-rich reconstituted basement membrane (rBM) have similar 148 features to mammary epithelium in vivo, including the formation of acini-like organoids with 149 a hollow lumen and apico-basal polarity. The mammary ductal lumen is formed when the 150 inner cell population is cleared by anoikis-like cell death mechanisms (Mailleux et al, 2007) . 151 Interestingly, Vim-/-MMECs that were seeded as single cells in three dimensional (3D) rBM 152 formed organoids with altered morphology compared to wt MMECs. Vimentin-deficient 153 organoids formed a lumen significantly more often than the wt organoids ( Fig. 3F-G 191 Regenerative capacity is reduced in vimentin knockout mouse mammary glands 192 Finally, to evaluate how vimentin affects MaSC capacity in vivo, we grafted adult wt or Vim-193 /-mammary gland pieces into epithelium-free fat pads of prepubertal wt recipient mice. 194 Vimentin deficiency did not influence the outgrowth from primary transplants when the 195 growth area was quantified 10 weeks post-transplantation ( Fig. 5A-B ). These data could not 196 be directly compared to differential rates of normal mammary gland development in wt and 197 Vim-/-mice ( Fig. 2D -G) as the outgrowth from the transplants was much slower. 198 Interestingly, when the primary transplants with noticeable epithelial growth ( which could be related to impaired mammary gland stem cell function ( Fig. 5F ). 238 Interestingly, we find many parallels between the mammary gland defects in Vim-/-mice and those reported earlier for Slug knockout animals. The Slug knockout mouse has delayed 240 mammary gland development during puberty and MMECs from these mice have reduced 241 capacity to generate mammospheres (Nassour et al, 2012) . In addition, other Slug-regulated 242 mammary gland processes such as alveologenesis and involution (Castillo-Lluva et al, 2015, 243 Desgrosellier et al, 2014) could be affected in the Vim-/-mice. The role of vimentin in the 244 tertiary differentiation of mouse mammary gland will be studied in the future. 
Cell preparation, sorting and qPCR
Samples were prepared as previously described (Di-Cicco et al, 2015 , Peuhu et al. 2017 . 356 Single cells were prepared from inguinal mammary glands taken from virgin adult BALB/cByJ 357 females according to a detailed protocol described previously (Di-Cicco et al, 2015) . 
